The architecture of plant roots affects essential functions including nutrient and water uptake, soil anchorage, and symbiotic interactions. Root architecture comprises many features that arise from the growth of the primary and lateral root. These root features are dictated by the genetic background, but are also highly responsive to the environment.
INTRODUCTION
Roots have a crucial impact on plant survival because of their major functions:
anchorage of the plant in the soil, water and nutrient acquisition, and symbiotic interaction with other organisms (Den Herder et al., 2010) . One important characteristic of root systems is the manner in which the primary and lateral roots comprise the super structure or root architecture. Root architecture is an ideal system for studying developmental plasticity, as it continually integrates intrinsic and environmental responses (Malamy, 2005) , which represents a vital and dynamic component of agricultural productivity (Lynch, 1995) .
Root system architecture (RSA) is defined as the spatial configuration of the roots in their environment (Lynch, 1995) . The complexity of RSA was initially appreciated several decades ago and terms like morphology, topology, distribution and architecture were often used to describe the nature of RSA (Fitter, 1987 , Fitter & Stickland, 1991 , Lynch, 1995 . These early reports argued that simple traits like root mass are insufficient to describe roots, because they do not capture the spatial configuration of roots in the soil, which is critical to plant performance (Fitter & Stickland, 1991) . Root systems are integrated organs that adopt specific architectures to maximal foraging of the heterogeneous soil environment in different ways (Fitter, 1987 , Fitter & Stickland, 1991 , Lynch, 1995 . More recently, new approaches have incorporated measurement of many individual developmental traits that together comprise root system architecture (De Smet et al., 2012 , Dubrovsky & Forde, 2012 . For example, one recent report identified three fundamental components of RSA in generating complex topologies, including the contribution of lateral axes to branching, the rate and path of growth of the axis, and the increase in root surface area (Topp & Benfey, 2012) . Thus, root system architecture is an important and complex trait that requires convenient measurement methods for rapid screening of diverse plant mutants and genotypes.
With increasing research in root system architecture in the genetically tractable model plant Arabidopsis, the need for high-throughput methods of root phenotyping has dramatically increased over the years. Consequently, different methods and approaches have been developed in order to address to this demand. Currently, three major approaches for phenotyping RSA are used (for recent detailed reviews see Zhu et al., 2011, and De Smet et al., 2012) . The first group of methods uses classical measures of RSA, which involve measurements of individual root traits. These methods often use software to manually draw the RSA onto digital 2-D images to quantify root length and number (Abramoff et al., 2004, Media Cybernetics, http://www.mediacy.com) . These traditional methods provide most accurate measurements of the root system, but have a major disadvantage in being extremely time-consuming.
The second group of methods utilizes advanced semi-automated software for RSA measurements like EZ-Rhizo (Armengaud et al., 2009) . EZ-Rhizo also uses digital 2-D images of plants grown on vertical plates (similar to the classical methods above), but is faster and produces different traits and basic statistics. The method works best when root features do not physically overlap, but we have found root overlap to be common when working with Arabidopsis plants older than 10 days. Other recent programs also provide semi-automated analysis of RSA, including RootReader2D (http://www.plantmineralnutrition.net/rootreader.htm) and SmartRoot (Lobet et al., 2011) . However, while completely automated detection is potentially the highest throughput, we found that root surface detection step is frequently prone to failure when using both of these programs, even after considerable adjustment by the user, where root features are missed or background noise is incorrectly labeled as roots.
Finally, in a third group, recent developments include 3-D analysis of RSA of plants grown on transparent gel cylinders or in soil. 3-D gel-based imaging approach is reported to be suitable for high-throughput phenotyping (Iyer-Pascuzzi et al., 2010) .
However, this approach requires special equipment and imaging the root system of single plants can take 10 minutes (Iyer-Pascuzzi et al., 2010) . X-ray computed tomography (Perret et al., 2007 , Tracy et al., 2010 and magnetic resonance imaging (MRI) (Van As, 2007) , also provide highly detailed 3-D RSA analysis, but require long scanning time and are extremely expensive and inaccessible. Most labs still utilize relatively convenient, inexpensive, and rapid 2-D phenotypic characterization of RSA, at least for initial screening purposes.
The aim of this work is to address the need for a simple method to measure many different aspects of root architecture for high-throughput laboratory screening of mutants and genotypes in Arabidopsis. Herein, we describe a landmark-based allometric (size and shape) approach called "RootScape", a user-friendly software platform that enables rapid, comprehensive and integrative phenotyping of the RSA in Arabidopsis. Unlike recent methods that collect information on different root traits to describe the RSA, RootScape places user-defined root landmarks on a two-dimensional grid to measure root architecture as a single integrated root system. The method employs rapid manual placement of root system landmarks. This manual step avoids one of the most problematic steps in automated image analysis (recognition of the root surface), providing a simple tool that does not require image processing. This method uses simple, 2-D digital images of the root system, and a 20-point landmark model created in AAMToolbox, a freely available MATLAB plug-in. While in-depth developmental analysis of root systems will often require knowing the contribution of individual traits, RootScape is a rapid method to access the holistic contribution of many individual root traits to RSA, and to capture the overall property of the spatial configuration of roots in the soil (Fitter & Stickland, 1991) . To demonstrate its utility, we used RootScape to quantify the root plasticity of Arabidopsis plants (Col-0) grown on four different media and compared the RootScape results to conventional measurements of individual root traits captured using the Optimas6 image analysis software (MediaCybernetics, Silver Spring, MD). This analysis showed that by measuring integrative root traits using RootScape, we are able to capture the vast majority of the individual trait variation, as verified by multiple regression analysis. Additionally, we tested the ability of RootScape to quantify the plasticity response in Arabidopsis mutants defective in hormone signaling.
For this analysis, wild-type (Col-0) and three hormone signaling mutants (axr4, abi4 and cre1), were a treated with auxin, cytokinin or ABA vs. controls. Statistical analyses (ANOVA/MANOVA) allowed us to confirm most of the previously known interactions of genotype with these distinct environments and to potentially identify novel ones. Thus, we demonstrate that RootScape can be used as a rapid and efficient approach for quantifying the plasticity of the root system architecture in mutant (or ecotype) backgrounds of Arabidopsis and can identify new conditional root phenotypes.
RESULTS

RootScape:
Adapting software platform to measure Root System Architecture.
Allometric methods have been previously applied to measure plant organs such as leaves (Langlade et al., 2005 , Bensmihen et al., 2008 . To implement an allometric method for quantifying Root System Architecture (RSA) we created a 20-point landmark template (model) in the AAMToolbox software, a publicly available MATLAB plugin (http://cmpdartsvr1.cmp.uea.ac.uk/wiki/BanghamLab/index.php/Software) originally developed for face shape recognition in lip-reading (Matthews et al., 2002) . This 20-point template captures the main characteristics of the RSA. The six "primary" landmarks (green points in Fig. 1A ), are defined by recognizable developmental landmarks on the root. These included four of the primary landmarks, placed on the transition between shoot and root (point 1), the position of first lateral root (point 2), the position of last lateral root (point 6) and the apex of primary root (point 12) (see points on Fig. 1A ). Two other primary landmarks (points 14 and 16) were placed at the apex of the lateral root that was farthest from the primary root along an axis perpendicular to the primary on each side (Fig. 1A) . All primary landmark points of the template are placed manually at the defined developmental positions of each root sample (Fig. S2) . Secondary landmarks or semi-landmarks (red points in Fig. 1 ) were defined as having a position between the primary landmarks. These secondary landmarks were also placed manually on the lateral root periphery to capture the corresponding shape, and along the length of the primary root. Following manual placement of these secondary landmarks, the AAMToolbox software automatically spaces these secondary landmarks evenly between the primary landmarks ( Fig. S2) . In a side-by-side comparison performed by the same researcher, this new, landmark-based method called "RootScape" (RS) was five-to-ten times faster than individual measurements of root traits as performed using Optimas6 (MediaCybernetics, Silver Spring, MD).
Plant root system does not have a defined shape, for instance compared to leaves, and the number of lateral roots is very variable depending on the conditions or genotype.
Thus, the constructed model of 20 landmarks represents the primary root as a line and lateral roots as polygon, which is the shape that explains how the root system spans the (Nibau et al., 2008) . Plants were initially grown on a single growth media and then transferred to either a control plate, or one of the three hormone treatment conditions (see Fig. S1 and Methods for details). After five days on the different hormonal treatments or control plates, the root system was imaged using a document scanner, and the unprocessed images were used for subsequent analysis using the 20-point allometric template of RootScape (See Fig. S2 ). This landmark dataset was used to create the RSA morphospace, and was named the "Allometric Col-0 plasticity space". This data was further processed by the AAMToolbox software in a Principal Component Analysis (PCA) which captures the main trends of variation in the root architecture. This analysis revealed that five PCs captured more than 95% of the root variation of the total root shape and size variance in Col-0 genotype ( Fig. 2A) . Figure 2 shows a plot of the range of the RootScape-derived Principal Component (PC RS ) values of the first five PCs, to identify the treatments that are driving the extreme phenotypes in RSA (Fig. 2B ). PC1 RS of the allometric Col-0 model explains 79.08% of the total variance and mostly affects size, but also affects the shape of the RSA, and thus represents a major allometric trait.
Low PC1 RS values relate to having a longer primary root and a smaller polygon of lateral roots with a narrowed polygon base ( Fig. 2A , Video S1), which corresponds to plants grown in control media or with ABA ( Fig. 2B ). High PC1 RS values relate to shorter primary root and rectangular-like shape of the lateral root polygon ( Fig. 2A, Video S1 ).
This extreme value for PC1 RS corresponds to the IAA treated plants (Fig. 2B ). PC2 RS accounts for 8.32% of the variance in RSA and affects mostly the shape of the polygon occupied by lateral roots. Low PC2 RS values give a longer, rectangular like polygon ( Fig.   2A , Video S1) and correspond to IAA-treated plants (Fig. 2B) , whereas higher PC2 RS values have a diamond shaped lateral root polygon ( Fig. 2A , Video S1) and correspond to CK-treated plants (Fig. 2B) (Table I ). The highest contribution in PC3 IT is from the average lateral root length (Table I) analysis confirms that the simple and rapid allometric approach of RootScape has the power to predict the first three PCs from the individual trait analysis, which accounts for about 96% of the variation using that method. More generally, the reciprocal multivariate analysis shows that RootScape and individual trait analysis largely capture the same trends in variation of root system architecture. Thus, overall, the correlation and multivariate analyses show that RootScape is a rapid method that describes the same major trends in variation of root system architecture as more detailed and timeconsuming analyses of individual traits.
Using RootScape to characterize the plasticity of Root System Architecture.
Different phytohormones are known to exert specific effects on root architecture, with partially overlapping effects often due to crosstalk between hormones (reviewed in Depuydt & Hardtke, 2011 , Bishopp et al., 2011 . We used RootScape to characterize the plasticity of the Arabidopsis root system under hormone treatments. In addition, we measured the root architecture of well-characterized Arabidopsis mutants in hormone signaling to determine if RootScape could identify known phenotypes, including insensitivity to hormone treatments, which were the basis for the mutant screens. We also characterized all of these Arabidopsis mutants with a panel of hormone treatments to explore the ability of RootScape to rapidly characterize root architecture under a variety of conditions, and to identify potential crosstalk among hormones. We analyzed three
Arabidopsis mutants known to affect root development due to signaling defects in auxin, . By carrying out this projection, we were able to visualize the distribution of phenotypes along the phenotypic Col-0 plasticity "space" (Fig. 3 ).
This analysis showed that auxin treatment mapped to one extreme of PC1 RS ,
showing its strong effect on a suite of traits that varied dramatically among the treatments (Fig. 3A) . We did not find any specific treatment grouping in the second PC (Fig. 3B ).
We (Table III) . These results support the variable resistance of axr4 to ABA, which was reported previously (Hobbie & Estelle, 1995) . Additionally, another study reported crosstalk between ABA and auxin signaling (axr4) (Rock & Sun, 2005) . The interaction of axr4 with cytokinin was present in all five PC RS (Table III) previous observations on variation in relative root elongation reported for axr4-1 at particular CK concentrations (Hobbie & Estelle, 1995) . Thus, RootScape can identify many of the conditional phenotypes identified in the literature for the axr4 mutant.
The RootScape analysis also uncovered an interaction of cre1-2 with all three hormonal treatments in at least one PC RS (Table III) . First, the cre1-2 interaction with CK captured in PC1 RS and PC5 RS , is consistent with previously published phenotypes for this mutant, fitting with its role as CK receptor (Inoue et al., 2001 ). This analysis also identified an interaction of the cre1-2 mutation with ABA. This is reminiscent of another cre1 allele (cre1-1), where cre1-1 was shown to have lower root growth in response to low levels of ABA (Inoue et al., 2001 ). The abi4-1 mutant had only one interaction with CK in PC1 (Table III) , which may be related to interactions found by another study in which CK treatment increases the transcript level of ABI4 (Shkolnik-Inbar & Bar-Zvi, 2010). Thus, RootScape is a sensitive and robust tool to characterize root architectural phenotypes using a rapid and simple protocol.
A visual representation of phenotypic plasticity space. We have shown that RootScape can capture many of the individual traits that determine overall root system architecture (RSA). Furthermore, the principle component analysis (PCA) showed that suites of covarying traits can be summarized in single axes or principle components, capturing similar trends compared to the parallel analysis of individual traits. Thus, RootScape, in combination with PCA, offers a way to rapidly summarize the complex characteristics of root systems architecture in a given genotype or background, as has been done for other traits (Adams, 2010). The first two principal components from RootScape capture about 87% of the total root shape variation for the allometric Col-0 plasticity space (Fig. 2) .
These PCs represent suites of individual root traits (Table I, Table SI system architecture is affected in different genotypes (Fig. 4) . For example, as previously reported (Depuydt & Hardtke, 2011 , Hobbie & Estelle, 1995 and shown by ANOVA analysis above, the change of root plasticity of axr4 (Fig. 4B ) compared to wild-type (Fig. 4A) , is visually apparent in the first two PCs of RootScape (87% of variation).
When wild-type (Col-0) root plasticity space is compared with abi4 ( Fig. 4A and 3C traits. This shows that PCA analysis on RootScape groups the co-variation among traits somewhat differently than PCA derived from an individual trait analysis, as can be visualized in PC "walks" (Video S1) that represent the variation in root forms along a PC.
Thus, RootScape measures the spatial configuration of roots to provide a new view of RSA -one that adheres to the concept that roots are integrated organs (Fitter, 1987 , Fitter & Stickland, 1991 , Lynch, 1995 .
We generated experimental RSA variation by supplementing wild-type Arabidopsis (Col) with three different hormones, all known to affect root development.
One of the hormones auxin, has a dramatic effect on the root phenotype, inhibiting new outgrowth of the primary root and stimulating initiation of new lateral roots, while . In this analysis PC1 10vs.14 showed a significant difference between day 10 vs. day 14 (Fig.S3 , Supplemental text), confirming that RootScape can also be used for quantification of RSA dynamics.
Root system architecture differs between species by enormous degree. We have developed RootScape, and its current template, using Arabidopsis thaliana as a model system. To be able to apply the RootScape to other species, it will be necessary to adapt an optimal landmark template. This could potentially be a complex task, since the diversity of RSA is vast among ecotypes of the same species, and even more diverse amongst different species. The current 20-landmark template developed for Arabidopsis, is suitable for quantification of any root system that has a dominant primary root. We therefore tested this 20 point template on a pilot set of Medicago trunculata ecotypes.
Five Medicago ecotypes (Longi, A17, 2HA, Gaerta and Tribu) were grown on 1 mM KNO 3 for 14 days, and RSA quantified with RootScape using the current template. This pilot study on a small number of ecotypes and replicates, reveals a set of PC that capture differences in RSA between the ecotypes captured mainly in the first five PCs (Fig. S4 ,
Supplemental text).
In summary, RootScape -a rapid, cost-effective method to capture root system architecture allometry -is appropriate for studying and quantifying a wide range of questions in root biology in the model Arabidopsis, and can be adapted to other species.
We demonstrate that RootScape is able to quantify and recapitulate known root at 300 dpi and images obtained.
Individual trait analysis of root system architecture. We scored 12 individual root traits quantified as previously described (Remans et al., 2006 , Ruffel et al., 2011 , Dubrovsky & Forde, 2012 . Briefly, we used Optimas6 software that allows one to completely draw the root system and export the main numerical values. We measured primary root length on the transfer day (P1), primary root length growth after five days 
Supplemental text Individual Trait measurements and Principal Component Analysis.
In order to evaluate witch individual traits are driving each principal component, we analyzed the same response of the root system to hormonal treatments in Col-0, by scoring root system architecture (RSA) by 12 root traits. This quantification of RSA includes numeric values of the traits and was scored as previously described by using
Optimas image analysis software (MediaCybernetics, Silver Spring, MD) (Remans et al., 2006 , Ruffel et al., 2011 (Fig. S1 ). Briefly, root length was measured by manually drawing each lateral and primary root and root number was measured by counting visible lateral roots along the primary root. We refer to these traits as "individual traits" through the paper even if some of them are ratios and multiplication of the main traits. and five derivate traits: primary root length (P=P1+P2), branching density (Bd=LR#/BZ), length ratio (LR=(LRl*LR#)/P), total lateral root length (TLRL=LR#*LRl), total root length (TRL=LR#*LRl*P) (Fig. S1 ). We performed a one-way Analysis of Variance (ANOVA) to test whether or not the treatments have a significant effect on any of the ITs. We observed that all ITs displayed a significant response to the hormonal treatments (p<0.001) except P1 (data not shown). As expected, P1 trait is not affected by the treatments (length of the primary root at the beginning of the treatment) and, thus, has been excluded from the ITs.
Next, we were interested in determining how the variation is driven by the individual traits, thus we performed PCA on the twelve ITs. The first five PCs explain 99% of the variation in RSA (Table II) . The first PC IT represents 63.1% of the variability, where many traits have high contribution, but length ratio, root formation zone, branching density and growth of primary root have major contributions. PC2 IT captures 22.3% of the ITs variation where total root length has greatest influence. PC3 IT , PC4 IT and PC5 IT additionally explain with 10.53, 2.22 and 1.08%, respectively of the observed RSA variability. These three components account mainly for lateral root length, lateral root number in P2 and branching density (Table II) .
Quantification of developmental stages with RootScape. To determine whether
RootScape is suitable for quantifying and distinguishing RSA of plants at different developmental stages, we performed pilot experiment where we grew Arabidopsis thaliana Col-0 ecotype on 1 mM KNO 3 for two weeks, with 16 plant replicates. Seeds preparation and sterilization was done as previously described. We scanned the same set of plant replicates on day 10 and day 14 after germination, and measured RSA with RootScape using the 20 landmark template. This data set was used to create the RSA morphospace, and was named "10vs14". Similarly, as previously described, this data was analyzed by the AAMToolbox software to perform Principal Component Analysis (PCA) in order to capture the main trends of variation of this dataset (Fig. S3A) . The first PC (PC1 10vs14 ) that represents about 81% of variation, shows a significant difference between the two developmental stages (Fig. S3B) . The two developmental stages are also clearly separated, by plotting PC1 10vs14 against PC2 10vs14 (Fig. S3C) . then used to create the RSA morphospace for Medicago that was called "Med". As previously described, this data was used by the AAMToolbox software to perform Principal Component Analysis (PCA) in order to capture the main trends of variation of this dataset (Fig. S4A) . Despite the small number of ecotypes and limited number of replicates (4-11) used in this pilot study, RootScape was able to distinguish the ecotypes according to the main PCs ( Fig. S4B and S4C ). Bold values show highest significant correlation P < ***0.0001, **0.001, *0.01 Table II . Loading matrix of principal component analysis, scored by 10 individual traits (IT).
Quantification of
Bold values show the most highest contribution(s) to the component. MATLAB. Col-0 plants are grown on full MS media for 7 days, followed by transfer to the same media (Control), full MS media supplemented with 3-Indolacetic acid 500 nmol (auxin-IAA), full MS media supplemented with Kinetin 500 nmol (cytokinin-CK), full MS media supplemented with abscisic acid 1000 nmol (ABA). After 5 days on different treatments plates were scanned and root system architecture quantified. Figure S2 . Application of 20 landmark template of RootScape. Three views are shown; before manually placing the landmarks at the relevant homologous position of the root system, the template shape of previously scored plant is overlaying (unmodified template, left view). At this point the user is able to increase/decrease the width and length of the whole template or to rotate the template for faster adjustment on the next root replicate.
Next, the user will manually place all landmarks at the relevant positions, see text for details (applied template, middle view). After placing the landmarks the user will select 'Smooth Secondary' and the AAMToolbox software will automatically and evenly space the secondary landmarks between the primary (after smoothing, right view). 
